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a b s t r a c t
Flexible consumption devices are often able to quickly adjust the power consumption making these
devices very well suited as providers of fast ancillary services such as primary and secondary reserves. As
these reserves are among the most well-paid ancillary services, it is an interesting idea to let an
aggregator control a portfolio of ﬂexible consumption devices and sell the accumulated ﬂexibility in the
primary and secondary reserve markets. However, two issues make it difﬁcult for a portfolio of con-
sumption devices to provide ancillary services: First, ﬂexible consumption devices only have a limited
energy capacity and are therefore not able to provide actual energy deliveries. Second, it is often difﬁcult
to make an accurate consumption baseline estimate for a portfolio of ﬂexible consumption devices. These
two issues do not ﬁt the current regulations for providing ancillary services. In this work we present a
simple method based on the existing ancillary service markets that resolves these issues via increased
information and communication technology. The method allows an aggregator to continuously utilize
the markets for slower ancillary service to ensure that its portfolio is not driven towards the energy
limitations resolving both the baseline issue and the energy limitation issue.
 2014 Elsevier Ltd. All rights reserved.
1. Introduction
The renewable energy sector is the fastest growing power
generation sector and is expected to keep growing over the coming
years [1,2]: the global share of non-hydro renewables has grown
from 2% in 2006 to 4% in 2011 and is predicted to reach 8% in 2018
[2]. Many actions have been taken all over the world to increase the
penetration of renewables: in the US, almost all states have
renewable portfolio standards or goals that ensure a certain per-
centage of renewables [3]; similarly, the commission of the Euro-
pean Community has set a target of 20% renewables by 2020 [4].
A number of challenges arise as the penetration of renewables
increases. Many renewable sources are characterized by highly
ﬂuctuating power generation and can suddenly increase or
decrease production depending on weather conditions. A recent
example of this phenomenon took place Denmark on October 28,
2013 where a large number of wind turbines were shut down
because of a storm. This caused a decrease from a level where more
than 100% of the Danish electricity consumption was covered by
wind to a level less than 45% in just 2 h,1 see Fig. 1. Such rapid
production changes can imply severe consequences for grid sta-
bility due to the difﬁculty of accurately predicting the timing of the
events [6].
Further, as more renewables are installed, the conventional
generators are phased out: in Denmark, the increase of renewables
during the last years has caused a petition for shutting down 8
central power plants [7]. This, however, causes another major
challenge because the central power plants currently are the pro-
viders of system stabilizing ancillary services. As the conventional
power plants are replaced with renewables, the ability to provide
ancillary services in the classical sense is lost as the renewables
usually do not possess the ability to provide such system stabilizing
reserves: First of all, keeping renewables in reserve will entail that
free energy is wasted making this a very expensive solution. Sec-
ond, the highly ﬂuctuating nature of the renewables caused by
* Corresponding author. Tel.: þ45 28197620. Fredrik Bajers Vej 7, Room: C3-215,
9220 Aalborg Ø, Denmark.
E-mail addresses: bbi@es.aau.dk, benjamin@biegel.nu (B. Biegel).
1 Data taken from the website of the Danish transmission system operator:
Ref. [5].
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weather conditions can make it difﬁcult to deliver a well-deﬁned
power response.
It is therefore evident that alternative sources of ancillary ser-
vices must be established as renewables replace conventional
generation. One approach to obtain ancillary services is to purchase
reserves in neighboring countries; however, this requires that
transmission line capacity is reserved for the reserve markets
which will limit the capacity in the day-ahead spot markets and
thereby possibly cause higher electricity prices [7]. Further, the
ENTSO-E (European network of transmission system operators for
electricity) grid code sets limits on the amount of reserves it is
allowed to exchange internationally [8].
An alternative approach to obtain alternative ancillary services
is the smart grid concept, where local generation and demand-side
devices with ﬂexible power consumption take part in the balancing
effort [9,10]. The basic idea is to let an aggregator control a portfolio
of ﬂexible devices such as thermal devices, batteries, pumping
systems etc. Hereby, the aggregator can utilize the accumulated
ﬂexibility in the unbundled electricity markets for primary, sec-
ondary, and tertiary reserves, on equal terms with conventional
generators [11,12].
In this work, we identify the difﬁculties of including ﬂexible
consumption devices in the existing ancillary service markets and
propose a method for better integration of this type of devices.
2. Scope and structure of the article
The increase of renewables and shutdown of central power
plants call for alternative sources of primary, secondary, and ter-
tiary reserves. This work proposes a method for making better
conditions for ﬂexible consumption devices to deliver these ser-
vices. The method is valid for both the primary and secondary
reserve, but not for the tertiary reserve, as will be come evident
later. For the following reasons, we still believe the method is most
relevant.
The ﬁrst reason is that ﬂexible consumption devices and storage
systems are well suited for fast reserves but less suited for slower
reserves where large amounts of energy must be delivered. Many
consumption devices are able to deliver a response fast enough
even for primary reserve [13,14]; however, they are not able to
provide actual energy deliveries as they only have a limited energy
capacity. A battery system will for example only be able to deliver/
consume a limited amount of energy before reaching the energy
limitations; similarly, a consumption devices with a given thermal
mass will only be able to shift a limited amount of energy before
reaching the thermal comfort limits [12].
The second reason is that although the amounts of required
tertiary reserves is signiﬁcantly higher than the required amount of
primary and secondary reserves, the expenditure on primary and
secondary reserve exceeds that of tertiary reserve by far. This is
illustrated in Fig. 2 where 2011 and 2012 data forWestern Denmark
is analyzed.2 The ﬁgure shows that the amount of tertiary reserve in
2011 and 2012 indeed is the highest of the tree comprising more
than 50% and 55%, respectively, of the combined primary, second-
ary and tertiary reserve those years. However, as illustrated in the
same ﬁgure, the expenditure for the tertiary reserve in these two
years accounted for below 12% and 11%, respectively. The reason is
the fast delivery requirements for primary and secondary reserves
making it more difﬁcult, and thus more costly, to provide these
reserves.
Based on the observation that ﬂexible consumers are well suited
for fast reserves and because the value of these services is far
greater than of tertiary reserve, it is chosen to limit the scope
exclusively to primary and secondary reserves.
A portfolio of ﬂexible consumption devices generally has two
signiﬁcant differences from conventional power generators when
providing ancillary services. The ﬁrst is that the portfoliowill have a
limited energy capacity whereas the conventional generator simply
will be able to use more or less fuel. A heating system will for
example have ﬂexibility due to its thermal capacity; however, only
a limited amount of energy can be stored depending on the tem-
perature bounds that must be satisﬁed. Similarly, a factory may be
able to expedite or postpone a batch production, but will in the long
run have the same average consumption. This signiﬁcantly limits
the possibilities for ﬂexible consumption devices to provide ancil-
lary services. The second difference is that a portfolio of ﬂexible
Fig. 1. Hourly consumption and wind production during 4 days in Denmark in end
October, 2013. A storm hits Denmark in the afternoon on the 29th causing a large
number of wind turbines to shut down resulting in a production drop of more than
2,000 MW in just 2 h.
Fig. 2. Amounts and prices of traded primary, secondary, and tertiary reserves in
Western Denmark in 2011 and 2012.
2 Data for primary and tertiary reserve taken from Ref. [5] while data for sec-
ondary reserve is from Ref. [15,16]. Only the reservation prices are included, not the
activation prices which only apply for secondary and tertiary reserves.
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devices often not will have a well-deﬁned baseline, i.e. the aggre-
gator will not exactly know the electricity consumption of the
portfolio many hours in advance as it depends on external pa-
rameters such as weather conditions or human behavior, which can
be difﬁcult to predict accurately. Without a well-deﬁned baseline it
is difﬁcult to assess what services the portfolio actually has deliv-
ered; consequently, the lack of a baseline makes it difﬁcult for
ﬂexible consumers to participate in the ancillary service markets
under the current regulations. These two issues therefore consti-
tute a barrier for the roll out of the smart grid concept in the
liberalized electricity markets.
In this work, we propose a method that resolves the issues of
energy limitations and lack of accurate baselines without altering
the existing ancillary service markets. In short, the method allows
an aggregator via ICT (information and communication technology)
to continuously adjust its operational schedule which is the base-
line communicated to the TSO (transmission system operator). This
enables the aggregator to avoid violating the energy limitations of
the consumption devices. The operational schedule adjustments
must, however, be done under certain limitations ensuring that the
TSO has sufﬁcient time to activate slower reserves correspondingly.
The proposal is exactly in line with the general smart grid vision
where a stable, reliable, and sustainable electricity system is
ensured via ICT solutions [11,17,18].
The paper is organized as follows. First in Sec.3 we describe the
overall system architecture. Following in Sec. 4 and Sec. 5 we pre-
sent overall models of ﬂexible consumption devices and of the
ancillary service markets, respectively. In Sec. 6 we discuss the is-
sues of delivering ancillary service via ﬂexible consumers and
following in Sec. 7 we present our proposal of resolving these is-
sues. The proposed method is illustrated with numerical examples
in Sec. 8 and ﬁnally in Sec. 9 we conclude the work.
3. Architecture
For many consumption devices, the ﬂexibility is too small to
make isolated bids into the electricity markets; for example, the
threshold for primary frequency control reserves is 300 kW in
Western Denmark [19] while the capacity of a domestic ﬂexible
consumption device is in the magnitude of a few kW at most. Only
certain very large consumers such as large pumping facilities,
heating elements for combined heat and power plants, etc. will be
able to reach the minimum threshold. For this reason, aggregation
is required in order to achieve sufﬁcient quantities of active power
for bidding.
The basic idea is to let an aggregator enter into contract with the
owners of the ﬂexible devices. The contract speciﬁes under what
conditions the aggregator is allowed to utilize the ﬂexibility [20].
On this basis, the aggregator uses a technical unit often referred to
as a VPP (virtual power plant) to manage the devices [12]. The VPP
can monitor and control the ﬂexible devices and is thereby able to
mobilize the accumulated response of a portfolio of ﬂexible con-
sumption devices, see Refs. [21e24] for a few examples of VPP
strategies. This allows an aggregator to enter the ancillary service
markets based on the ﬂexible devices. This architecture is illus-
trated in Fig. 3.
4. Flexible consumption devices and storage devices
In this section, we present a model that describes a portfolio of
ﬂexible consumption devicesmanaged by an aggregator. Themodel
is very simple but captures characteristics in focus in this work:
power and energy limitations and inaccurate knowledge of the
consumption baseline.
4.1. Nomenclature
Table 1 gives an overview of the parameters used in the
following modeling section. Later, each parameter is described in
more detail; further, some of the parameters are illustrated in Fig. 4.
4.2. Model
A ﬂexible consumption device portfolio model can be described
as follows. Let E(t) denote an energy level and deﬁne its derivative
as
_EðtÞ ¼ PconsðtÞ  PbaseðtÞ (1)
where Pcons(t) is the portfolio electricity consumption Pbase(t), is the
baseline consumption of the portfolio, i.e., how much the portfolio
of devices would consume if not activated for ancillary services, and
E(t) is the energy stored in the ﬂexible consumption devices.3 In
other words: by deviating from the nominal portfolio baseline
consumption Pbase(t), energy is stored or released from the port-
folio. Notice that the baseline consumption always will be non-
negative Pbase(t)  0 as the portfolio does not include power
generators.
The model (1) can also be utilized for a battery storage. In this
case the baseline consumption will simply be zero Pbase(t) ¼ 0
whereby _EbattðtÞ ¼ PconsðtÞ, given the battery is not used for other
purposes and does not have any drain/loss. Now, as the battery
charges we will have Pcons(t)  0 and the battery level Ebatt(t) will
increase and vice versa for discharge.
The consumption of the portfolio is limited in power and energy,
which can be represented as
Pmin  PconsðtÞ  Pmax; Emin  EðtÞ  Emax (2)
where Pmin, Pmax represent the limits of the portfolio’s accumulated
consumption. For a portfolio of consumption devices Pmin, could be
0 if it is allowed to turn all devices OFF; similarly Pmax, could be the
total consumptionwith all devices ON, provided this is allowed. For
a battery system Pmin, Pmax, will correspond to themaximum rate of
charge and discharge. The parameters Emin, Emax are the minimum
and maximum amount of stored energy and can for example
represent an allowable temperature band for thermal devices;
Fig. 3. Aggregator participating in the electricity markets based on the ﬂexibility of n
consumption devices (units) managed through a technical VPP.
3 Notice that storing electricity for consumption devices refer to the device’s
ability to shift consumption in time within certain limits.
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similarly, it can represent the limits of a battery. Notice that for
consumption devices we will have Pmin  0 as the devices cannot
generate electricity.
Note that modeling a portfolio of many individual devices with a
single lumped model as the one presented above in many case is a
vast simpliﬁcation of reality [25]. Further note that the model does
not account for state dependent losses, i.e. it can for example not
capture that the energy loss of a thermal device will increase with
increasing temperature difference to the ambient. Consequently,
the presented model is a rough estimation of reality. However, the
focus of this work is not modeling but rather the proposal for a
market change that can increase the market uptake of ﬂexible
consumers. As the presented model is able to capture the main
characteristics of ﬂexible consumers, namely energy limitations
and inaccurate baseline predictions, the model is found suitable for
this work.
Based on (1) and (2) we deﬁne the power capacity Pcap of the
portfolio within a speciﬁc delivery time T as
Pcap ¼min

Pmaxmax
t˛T

PbaseðtÞ

;min
t˛T

PbaseðtÞ

Pmin

: (3)
Hereby, the power capacity describes the maximum possible
deviation in either direction away from the power baseline within
the horizon T ¼ ft˛Rj0  t  Tg. The basis of this deﬁnition is the
underlying assumption that the portfolio as default will consume
the baseline consumption and deviate from this baseline upon
ancillary service activation. In this case Pcap, is the highest sym-
metric power bidwe canmake. By symmetric, wemean that when a
reserve capacity of size Pcap is sold, the provider should be able to
deliver power within the symmetric interval [Pcap, Pcap]. This il-
lustrates that ﬂexibility of a portfolio is highest when the baseline
consumption is constant and given by Pbaseopt ðtÞ ¼ ðPmaxPminÞ=2
whereby Pcapopt ¼ ðPmaxPminÞ=2. For the energy part, we deﬁne the
capacity Ecap as the size of the energy storage:
Ecap ¼ Emax  Emin: (4)
The baseline consumption Pbase(t) can be predicted with a given
accuracy for a given horizon. Let bPbaseðtÞ denote the prediction of
Pbase(t) and let the accuracy of the prediction be described as
PbaseðtÞ  bPbaseðtÞ  Pacc; ct˛T (5)
where Pacc represents the accuracy. The parameter Pacc can for
example describe the ability to predict the outdoor temperature
which is relevant when dealing with a portfolio of heating or
cooling devices, or it can describe disturbances such as human
behavior which is relevant for heating systems of households.
It is necessary for the aggregator to report an operational
schedule Pos(t) to the TSO describing the scheduled portfolio con-
sumption. The operational schedule must be submitted day-ahead
and describes the consumption of the portfolio the following day
with a given resolution. As an example, the deadline for the oper-
ational schedule is 17.00 in the Danish market and the resolution is
5 min [26]. The aggregator can for example choose to assign the
predicted baseline consumption as the operational schedule PosðtÞ :
¼ bPbaseðtÞ as this is the best possible prediction of the actual
baseline consumption Pbase(t).
By deﬁnition, ancillary services are delivered by letting con-
sumption deviate from the operational schedule. If we let Pdel(t)
denote the delivered ancillary service, we have
PdelðtÞ ¼ PosðtÞ  PconsðtÞ (6)
where Pdel(t) is in production terms, i.e. Pdel(t) > 0, corresponds to
increased production or reduced consumption while we use con-
sumption terms for Pcons(t), Pos(t), Pbase(t), i.e. Pcons(t) > 0, corre-
sponds to consuming power. The complete setup is illustrated in
Fig. 4.
In this work we propose that an aggregator is allowed to adjust
its operational schedule as long it is done sufﬁciently slowly, such
that the TSO is able to activate slower reserves accordingly. This
allows the aggregator to keep the energy level of its portfolio close
to a certain desired level, for example the energy midpoint
Emin þ Ecap/2, and hereby avoid violating the energy limits.
4.3. Examples
Let us consider a few concrete examples of ﬂexible consumption
devices that are considered potential providers of ancillary services
in the smart grid literature.
The ﬁrst example is a household heatedwith a heat pumpwhich
can be seen as a ﬂexible consumption device due to the thermal
mass of the house [27e29]. The energy/power parameters will vary
much from house to house. To give an example, a set of parameters
for a smaller housewherewe are allowed to vary the temperature a
few degrees around the temperature set-point is presented in
Table 2 inspired by the papers cited above.
The second device is a supermarket refrigeration system where
energy can be stored in the refrigerated foodstuff [30e32]. A set of
parameters for a smaller supermarket system where we are
allowed to lower the foodstuff temperature a few degrees is pre-
sented in Table 2 inspired by Ref. [33].
Fig. 4. Illustration of the simple model of a portfolio of ﬂexible consumers and how it
is able to make a power delivery Pdel(t) by deviating from the operational schedule
Pos(t).
Table 1
Description and units of the parameters used throughout the work.
E(t) [J] Energy level in portfolio
Emin, Emax [J] Portfolio min/max energy levels
Pcons(t) [W] Portfolio power consumption
Pmin, Pmax [W] Portfolio min/max power consumption
Pbase(t) [W] Portfolio baseline consumption
Pcap [W] Portfolio power capacity (largest possible
symmetric power bid)
Ecap [J] Portfolio energy capacity (maximum amount
of energy that can be stored)bPbaseðtÞ [W] Prediction of the baseline consumption Pbase(t)
Pacc [W] Accuracy of baseline prediction within horizon
Pdel [W] Amount of symmetric reserve
Pos [W] Operational schedule reported to the TSO
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Finally we also consider an EV (electrical vehicle) battery.
Typical values for an EV battery are presented in Table 2 [34,35]. We
assume a fast DC (direct current) charging station and that the
battery is not in use, which would be the case for example if the
battery is located at a charging station.
These examples are presented to illustrate the types of devices
that go under the category ﬂexible consumption devices in this work
and to give an idea of the energy and power capacities of such
devices.
We notice, as previously mentioned, that all these devices are
too small for individual participation in the ancillary service mar-
kets where the threshold is 300 kW or more; consequently, ag-
gregation is a requirement.
5. Ancillary service markets
We limit our focus to the active power ancillary services
although other ancillary services exist. The active power services
are denoted primary, secondary, and tertiary reserve as previously
mentioned. In ENTSO-E’s network code on load-frequency control
and reserves, the terminology used for these services are frequency
containment reserve, frequency restoration reserve, and replace-
ment reserves [8,36]. These terms describe the functionality of the
reserves in case the system frequency deviates from the nominal
value: namely that the fast primary reserve ensures that the fre-
quency is contained, the secondary reserve restores the frequency,
while ﬁnally, the tertiary reserve replaces the secondary reserve.
We assume these services are distinguished by how fast they are
with primary as the fastest and tertiary as the slowest reserve. In
this work we describe a method that allows an aggregator
providing fast reserves, for example primary reserve, to utilize the
slower reserves, for example secondary reserve, to ensure that the
energy limitations of the portfolio are not violated.
Throughout the examples, we examine providing primary
reserve and utilizing the markets for secondary or tertiary reserve
to restore the portfolio energy level; however, the method would
also apply to a case wherewe provide secondary reserve and utilize
the market for tertiary reserve to restore the portfolio energy level.
5.1. Generic market description
In the following we construct a simple description of the active
power reserves seen from an ancillary service provider’s point of
view.
A provider has contracted a capacity given by Presi for a duration
given by Ti where the subscript i denotes the market, i.e. i ¼ 1 is the
primary i ¼ 2, is the secondary, and i ¼ 3 is the tertiary reserve
market. This notation is used throughout this work. For simplicity
we only consider symmetric deliveries.
We use the following simple model to describe the ancillary
service markets: each market i is described by two parameters: a
ramping time trampi and a latency time t
lat
i . These parameters should
be understood as follows. If a reserve is fully activated, either via
local grid frequency measurements for primary reserve or by acti-
vation from a TSO for secondary and tertiary reserve, the provider
should start providing the reserve at the latest after the latency
time of tlati seconds; hereafter the full reserve should be ramped up
within an additional trampi seconds.
Generally, primary control needs faster response than secondary
control which needs faster response than tertiary control. This can
be described in terms of the ramping and latency parameters:
tramp1  t
ramp
2  t
ramp
3
tlat1  tlat2  tlat3 :
(7)
The faster reserves are in average more expensive than the
slower, as they are more difﬁcult to deliver. This is the reason it is
interesting to examine how ﬂexible consumption devices can be
managed to deliver the fast expensive reserves by restoring the
energy level via the inexpensive slower reserves.
5.2. Example: European grid
We consider a concrete example by examining the control
performance speciﬁcations of the ENTSO-E. Based on [37,38] as well
as the newly published grid code [8], typical parameters for the
three ancillary services are
tramp1 ¼ 30 s; tlat1 ¼ 0 s
tramp2 ¼ 6 min; tlat2 ¼ 30 s
tramp3 ¼ 10 min; tlat3 ¼ 5 min:
(8)
The parameters stated in (8) should not be seen as deﬁnite
values as they can vary from country to country, but they are chosen
to mimic the parameters presented in ([38], p. 3).
An illustration of primary, secondary and tertiary reserve can be
seen in Fig. 5 with the parameters from (8) and assuming an
instance of 1 MW at time 0. Further, it is assumed that the fault is
corrected by three providers of each 1 MW reserve, i.e.
Pres1 ¼ Pres2 ¼ Pres3 ¼ 1 MW. The ﬁgure shows that the primary
response within 30 s fully provides the 1 MWof power where after
the secondary reserve starts ramping up followed by the tertiary
reserve after another 4.5 min. The secondary reserve thus restores
the primary reserve and is itself eventually restored by the tertiary
reserve.
Further we notice that the ﬁgure illustrates what was discussed
in Sec. 2, namely that the required amount of tertiary reserve is
Fig. 5. A 1 MW instance is restored by the primary reserve which is relieved by the
secondary reserve which again is relieved by the tertiary reserve.
Table 2
Energy and power capacity for two types of ﬂexible consumption devices and a
storage device.
Energy limits [kWh] Power limits [kW]
Emin Emax Pmin Pmax
Heat pump 4 4 0 6
Supermarket 0 50 0 20
EV battery 0 24 70 50
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larger than that of primary and secondary reserve because the
tertiary control will replace the primary and secondary control
action and provide an actual energy delivery. The ﬁgure also illus-
trates the higher timing requirements to the primary and second-
ary control action, which is the reason for the higher absolute costs
of these reserves although the volumes are smaller, as was illus-
trated previously in Fig. 2.
Finally we comment on the delivery duration Ti of the reserves
which is the duration that the contracted reserve Presi should be
available. The delivery duration vary from market to market,
however we use the Danish system an example [39]
T1 ¼ 1 week4; T2 ¼ 1 month; T3 ¼ 1 hour: (9)
This means that the reserves are sold in blocks of 1 week, 1
month, and 1 h, respectively.
Finally, we look at the ancillary service prices in Denmark to
illustrate that the faster reserves are more expensive than the
slower reserve. Let pi denote the average cost per MW of reserve,
then
p1z30 V=MW; p2z11 V=MW; T3z5 V=MW: (10)
where these prices are taken from Ref. [19] for the secondary
reserve and based on prices from the ﬁrst 6 months of 2013 for the
primary and tertiary reserve.5
6. Ancillary services by ﬂexible consumers
The limiting factors for conventional generators to provide
ancillary services are their power limitations, the startup time, and
ramping limitations. Generally, the energy capacity of a conven-
tional generator is a non-issue: the generator will be able to
continuously produce both minimum and maximum power simply
by using more or less fuel.
For ﬂexible consumers the situation is completely different.
Consumption devices will typically hardly have any rampling lim-
itations and have a very low startup (or shutdown) time. The reason
is that the consumption devices often rapidly can change the pro-
cess to consume more or less power or it can simply be turned ON/
OFF and thus instantaneously change the power consumption. This
makes ﬂexible consumption devices ideal for providing fast re-
serves such as primary reserve. This further illustrates why it is very
interesting to improve the possibility for these devices to partici-
pate in the fast ancillary service markets.
As previously described, two main differences from conven-
tional generators make it difﬁcult for ﬂexible consumption devices
to provide ancillary services: First, the ﬂexible consumption devices
are energy-limited and they will therefore on average have to
consume the same energy and consequently not be able to provide
actual energy deliveries. Second, the ﬂexible consumption devices
generally do not have an exact baseline for the future consumption.
In the following wewill describewhy this becomes a limiting factor
for the ﬂexible consumption devices as providers of ancillary ser-
vices in the current markets.
6.1. Energy limitations
It is easy to illustrate how the energy limitations can limit the
power delivery Presi we are able to offer as an aggregator. An
aggregator providing ancillary services in market i should in
principle be able to deliver the reservewithin the power limitations
Presi continuously throughout the delivery period6 Ti. For the
primary reserve market with a duration of one week, this means
that the worst case energy deliver in principle is 168 hours,Pres1 .
As an example, a portfolio of 100 EV batteries with an energy ca-
pacity of Ecap ¼ 2.4 MWh can at most bid a symmetric power
reserve of Pres1 ¼ 2:4=ð2,168Þ MW ¼ 0:007 MW which is very
restrictive compared to the power capacity of Pcap ¼ 5.0 MW. It can
be argued that in practice, an extreme energy delivery of 168
hours,Pres1 will not occur. However, by examining historical grid
frequency measurements,7 weeks can be found where an energy
delivery in the magnitude of 10 hours,Pres1 is required. This yields
Pres1 ¼ 2:4=ð2,10Þ MW ¼ 0:12 MW which is still very low
compared to the 5.0 MW power capacity available.
Notice that the restriction depends on how the energy and po-
wer capacity relates: the problem increases for a portfolio with a
relatively high power capacity compared to energy capacity. For a
portfolio of heat pumps or supermarket refrigeration systems, the
issue is smaller than the example presented above, however it will
be worse for other types of devices with even smaller energy ca-
pacities, for example thermal devices with very tight allowable
temperature bands. Finally, the situation will be evenworse for the
secondary reserve where the duration is longer, namely T2 ¼ 1
month.
6.2. Uncertain baseline
It is also easy to illustrate how the uncertain baseline can be a
limiting factor for how large a power delivery Presi we are able to
offer based on a portfolio of ﬂexible consumption devices. The
provided reserve is deﬁned as the difference between the opera-
tional schedule and the actual consumption as stated in (6). The
operational schedule is sent to the TSO the day before operation. As
the actual baseline of the portfolio is unknown before operation,
the aggregator will have to use the best available baseline predic-
tion instead, i.e. PosðtÞ :¼ bPbaseðtÞ. If the baseline prediction equals
the actual baseline we have no issues; however, if the actual
baseline consumption deviates from the baseline prediction, the
aggregator will have to use the portfolio’s energy capacity to
compensate for the inaccurate operational schedule. Consequently,
the energy capacity will be limited based on the accuracy of the
baseline prediction.
The operational schedule is reported every day. Using the simple
uncertainty model in (5) it is evident that over a day, the worst case
energy delivery due to an uncertain energy prediction will be 24
hours,Pacc. As an example, consider a portfolio of 1,000 heat pumps
with Pacc ¼ 0.2 MW (this inaccuracy is based on [40], see Sec. 8.3).
Then the worst case situation for the portfolio is that the prediction
error over the course of 24 h accumulates to
24 hours,0.4 MW ¼ 9.6 MWh which is more than the total energy
capacity Ecap ¼ 8.0 MW of the portfolio of houses under consider-
ation. Consequently, we cannot guarantee to follow the submitted
operational schedule during the day and will thus not be able to
participate in the ancillary service markets at all. This clearly il-
lustrates how the uncertain baseline predictions can inﬂuence the
possibilities to participate in the ancillary service markets.
6.3. Suboptimal market operation
One way to overcome the energy limitations of the ﬂexible
consumers is to provide ancillary services as combined deliveries,
4 The Western Danish system is currently merging with the German system
where primary reserve is delivered in blocks of 1 week.
5 Data taken from DK West from Ref. [5].
6 Some markets allow restoration time but we ignore this for simplicity.
7 System frequency data from the ENTSO-E grid from 2012 is used.
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where the portfolio of ﬂexible consumption devices is combined
with conventional generators. This can be done for example if a
market player owns a portfolio of ﬂexible devices with high
ramping limits and low startup time and also owns a slower con-
ventional generator. Depending on the devices’ properties, it may
be possible for the market player to design a control strategy that
allows the fast portfolio and the slow generator unit to collectively
provide primary reserve. Hereby, the player can gain from the
ﬂexible consumers to increase the value of the slower generator,
which else would only be able to participate in the less attractive
markets for secondary or tertiary reserve.
However, now consider the case where a second player has a
generator able to provide secondary reserve at a lower cost than the
ﬁrst player. Seen from a global perspective, it would be optimal if
the cheaper secondary reserve generator of the second player was
used together with the ﬂexible consumer portfolio of the ﬁrst
player to provide a combined delivery. However, as these two de-
vices are owned or operated by different players, such combined
delivery cannot be handled under current market regulations.
Consequently, suboptimal market operation can occur when
players combine local devices to provide faster reserves. The
method we propose in this paper exactly solves this issue by
coupling the ancillary service markets.
7. Proposal of market interaction
In the previous section we have illustrated three major issues of
using a portfolio of ﬂexible consumption devices as providers of
ancillary services. The ﬁrst two issues deal with the energy limi-
tation and the uncertain baseline. The third issue illustrates how
combined deliveries can lead to suboptimal market operation.
In this work we propose the following approach to improve the
possibility for ﬂexible consumers to participate in the fast ancillary
service markets.
Proposal. Operational schedules can be continuously adjusted
throughout the delivery period. The adjustment must satisfy the
ramping and latency constraints of secondary or tertiary control. If the
operational schedule is adjusted according to the secondary control
constraints, the cost of secondary control shall apply for the difference
between the original operational schedule and the adjusted opera-
tional schedule; similarly, if the operational schedule is adjusted ac-
cording to the tertiary control constraints, the costs of tertiary control
shall apply.
Notice that although we propose a very speciﬁc method, this
should merely be seen as an example. The main message of this
paper is not this exact proposed method; rather, that we in general
can increase the possibilities for ﬂexible consumers to participate in
the ancillary service markets by having well-deﬁned regulations
that allow continuous adjustments of the operational schedule at a
well-deﬁned cost.
7.1. Illustration of proposed method
The sequence diagram in Fig. 6 illustrates the proposed method
in the market context. The ﬁrst actor in the sequence diagram is the
aggregator who utilizes a portfolio of ﬂexible consumption devices
in the ancillary service markets, and uses the proposed method to
restore the portfolio energy level. The second actor is the TSO, who
is the buyer of ancillary service, and ﬁnally, the third actor is the
remaining providers of ancillary services.
As the ﬁgure illustrates, the aggregator will submit an opera-
tional schedule day-ahead describing the following day’s con-
sumption with a given resolution according to current regulations
(see also Sec. 4.2). Intra-day, the proposed method allows the
aggregator to adjust the operational schedule continuously. This
means that the aggregator at any time intra-day can submit an
adjusted operational schedule according to the limitations
described in Sec. 7; following, the TSO will conﬁrm the adjusted
operational schedule provided the adjustment satisﬁes the regu-
lation. Next, the TSO will compensate for the adjustment of the
operational schedule by activating the necessary reserves from the
other ancillary service providers. One such an adjustment is illus-
trated in Fig. 6.
7.2. Comparison with existing regulations
Denmark is among the most active smart grid countries in
Europe, therefore it is interesting to compare the method proposed
above to the current Danish ancillary service regulations.
The Danish regulations describe that market players already
now indeed are allowed to adjust a previously submitted opera-
tional schedule [19,41]. The regulations do, however, differ signif-
icantly from the method proposed in this work as elaborated in the
following.
 The regulations specify that the operational schedule can be
adjusted in case a difference between actual operation and the
submitted operational schedule larger than 10 MW is detected.
Consequently, the possibility to adjust the operational schedules
is a way for the TSO to be aware of larger outages. Hence, it is
different from the method proposed in this work where the
operational schedule is adjusted in a continuous manner to
restore the energy level of the ﬂexible consumers. The proposal
in this work is not only meant as a way for the TSO to be aware if
an ancillary service provider has a larger outage; rather, we
propose to deliberately couple the markets by allowing market
players to actively and continuously adjust operational sched-
ules. This allows the TSO to continuously utilize the slower re-
serves to compensate for operational schedule adjustments.
 The regulations do not state under what constraints the oper-
ational schedule can be adjusted, only that a latency time of
5minmust be honored. Consequently, a market player making a
rapid change in the operational schedule can cause activation of
faster reserves at no cost causing a loss for the TSO. This is
therefore not a sustainable solution if a large number of market
players will perform continuous operational schedule
Fig. 6. Sequence diagram illustrating an aggregator submitting an operational
schedule (op. sch) day-ahead and following, an aggregator adjusting the submitted
schedule using the proposed method.
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adjustments, as this potentially can generate a large economical
deﬁcit for the TSO. In the proposed method, the TSO covers its
expenses by charging the aggregator according to the opera-
tional schedule adjustments.
Also in the ENTSO-E handbook [37,38], no speciﬁcations of
operational schedule adjustments are mentioned.
8. Numerical results
In this section, we present a number of numerical results that
illustrate the beneﬁt of allowing continuous operational schedule
adjustments according to the proposal in Sec. 7. First, we illustrate
the overall concept; following, we illustrate how the method is able
to handle both energy limitations and inaccurate baseline
predictions.
8.1. Illustration of the overall concept
We illustrate the overall concept using the following example.
Consider a portfolio of ﬂexible consumers with parameters
Pmin ¼ 0 MW; Pmax ¼ 2 MW; PbaseðtÞ ¼ 1 MW
Pcap ¼ 1 MW; Emax ¼ Emin ¼ 0:1 MWh; Pres1 ¼ 0:5 MW
(11)
i.e. the aggregator has offered a symmetric primary reserve equal to
half of its capacity Pres1 ¼ 0:5 MW. The aggregator has further
submitted a constant operational schedule Pos(t) ¼ Pbase(t) ¼ 1 MW
to the TSO. This could correspond to a portfolio of battery systems
with a low energy capacity or a portfolio of thermal devices with
very tight temperature bounds (see Table 2). The relatively small
energy capacity is chosen deliberately to illustrate the presented
method’s ability to use such devices in the ancillary service
markets.
We consider the extreme power reference illustrated in subplot
1 of Fig. 7 (purple dashed line): after 5 min the reference changes
from 0 MW to the maximum delivery of 0.5 MW and following,
after 25 min, the reference changes to the other extreme
of 0.5 MW. For primary reserve, the reference depends on the
system frequency and we notice that the presented reference is
highly unlikely; however, we have deliberately constructed it to
illustrate the overall concept. Later, real life frequency measure-
ments will be used to construct realistic power references.
Two scenarios are considered: a casewhere the aggregator is not
allowed to adjust the operational schedule and a case where the
aggregator is allowed to adjust the operational schedule as pro-
posed in this work. Both cases are illustrated in Fig. 7 and show that
the aggregator is able to track the power reference when allowed to
adjust the operational schedule while it is not able to track the
reference when adjustments are not allowed. Let us examine this
further to gain insight in the presented method.
First, we examine the behavior of the conventional method
where the operational schedule is not adjusted. At the ﬁrst instance
at time 5 min, the portfolio reduce its consumption to 0.5 MW as
seen in subplot 2; however, the energy storage is empty after
12 min as shown in subplot 3 and the portfolio fails to track the
reference as seen in subplot 1. The conventional method also fails at
time 50 min, this time because the storage is full.
Now let us examine how the proposed operational schedule
adjustment method works. First as the reference changes from
0 MW to 0.5 MW at time 5 min, the portfolio delivers the full
response as evident from subplot 2, however, the aggregator starts
adjusting the operational schedule as seen in subplot 4. The
adjustments are made under the constraints of secondary reserve
such that the TSO is able to activate secondary reserve accordingly
as illustrated previously in Fig. 6. After the latency time of 30 s and
the ramping time of 6 min, the aggregator has adjusted the oper-
ational schedule from 1 MW to 1.5 MW and restored the con-
sumption to the nominal 1 MW as seen in subplot 2. Hereby, the
reference of 0.5 MW is still tracked Pdel(t) ¼ Pos(t)
Pcons(t) ¼ 1.51 MW ¼ 0.5 MW as requested while the portfolio
consumes the desired 1MW; consequently, the energy storage does
not saturate, as shown in subplot 3. As the power reference changes
from 0.5MW to0.5MWat time 25min, the portfolio must deliver
the full change of 1 MW causing the consumption to be 2 MW;
following, the operational schedule is adjusted such that the con-
sumption can be restored to the desired 1 MW ensuring that the
energy storage does not saturate. The ﬁgure further illustrates that
in this worst case scenario, the aggregator will not be able to place
higher bids than half of its capacity Pres1 ¼ Pmax=2 as seen in sub-
plot 2.
Finally, Fig. 7 can be used to determine the energy storage Eworst
required to handle this worst case situation. The worst case energy
is given by
Eworst ¼ 2Pres1

tramp2 þ tlat2  t
ramp
1

(12)
as this is the required energy deliver if the reference changes from
one extreme to the other. In Fig. 7 subplot 2 Eworst, corresponds to
the area between the baseline of 1 MW and the triangular shaped
power consumption at the time of the worst case situation at time
25 min until it is restored at time 37 min.
The correlation (12) can be used to determine howmuch power
an aggregator atmost is able to bid into the primary reservemarket.
Fig. 7. Comparison of the conventional strategy with no operational schedule adjust-
ments (legend: Conventional) and the proposed method with operational schedule
adjustments (legend: Adjusted). Subplot 1: The extreme power reference and the cor-
responding power delivery. The reference is only tracked when the aggregator is
allowed to adjust the operational schedule. Subplot 2: Power consumption of the
portfolio. Subplot 3: Energy level of the portfolio; the red dashed lines illustrate the
energy storage limits. Subplot 4: The operational schedule. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of this
article.)
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Again we consider the energy storage described above with
Pcap¼ 1MW. The curve in Fig. 8 shows the maximum power bid we
are able to place in the primary reserve market depending on the
available energy capacity Ecap by utilizing the secondary or tertiary
reserve to restore the storage energy level. As the ﬁgure shows,
using the secondary reserve makes it possible to offer a reserve of
Pres1 ¼ Pcap=2 ¼ 0:5 MWwith an energy capacity Ecap  0.11 MWh
while an energy capacity Ecap 0.25MWh is required when relying
on the slower tertiary reserve to restore the energy storage. This is
clearly much more favorable for the aggregator compared to a
worst case energy capacity requirement of 84 MWh if we are not
allowed to adjust the operational schedule, see Sec. 6.1. This reveals
how the presented method allows an aggregator to participate in
the primary reserve market on much better terms.
8.2. Simulation example I: limited energy storage
In this subsection we consider how the proposed method re-
solves the ﬁrst issue, namely the limited energy storage. We
consider a portfolio with the same parameters as the previous
example, see (11), i.e we have a sportfolio of ﬂexible consumption
device with a constant baseline consumption 1MWwhich it is able
to vary around with 1 MW however under strict energy limita-
tions of 0.1 MWh.
Based on theworst case consideration presented in (12) it can be
seen that by relying on the secondary reserve, we are able to pro-
vide Pres1 ¼ 0:5 MW of primary reserve. By comparison, a worst
case situation without operational schedule adjustments would
limit the bid to Pres1 ¼ 0:1=ð2,168Þ MW ¼ 0:0003 MW which in
practice means this device would not be suitable for primary
reserve. Again this shows the beneﬁt of the presented method.
Now we use real frequency measurements from the ENTSO-E
grid to compare the proposed method where we continuously
adjust the operational schedule to a conventional situation where
the operational schedule is not adjusted. We do this via simulations
based on the model presented in Sec. 4.2. The simulation is con-
ducted as follows. The historical grid frequency deviation mea-
surements Df is translated to a certain required power consumption
for the portfolio according to the ENTSO-E speciﬁcations for pri-
mary frequency control, see Sec. 5.2. The sampling time is 1 s, as
required by the regulations. For the conventional case, we simply
let the portfolio consume the required electricity according to the
reference dictated by the grid frequency deviations and examine
the resulting energy level. This benchmark case is then compared to
a case where the proposed method is utilized to restore the energy
level via operational schedule adjustments. In this simulation, a
simple controller is implemented that seeks to restore the portfolio
energy level by continuously adjusting the operational schedule.
This is further made clear in the following concrete simulation
results.
In Fig. 9, a 4-h period of operation is illustrated based on the real
life frequency measurements presented in subplot 1. Subplot 2
shows the resulting power consumption of the portfolio in the two
situations illustrating that both strategies provide fast responses
according to the demand. The consumption of the conventional
strategy is directly dictated by the grid frequency deviation Df; on
the contrary, the consumption in the case where operational
schedule adjustments are allowed is a function both of the grid
frequency deviation but also of how the operational schedule is
adjusted, see Fig. 4. Subplot 3 shows the energy level of the port-
folio. This plot reveals that the conventional method with no
operational schedule adjustments will require an energy delivery
that is far outside the limits of the portfolio, while the presented
method is able to stay within the limits. Subplot 4 shows the ﬁxed
operational schedule compared to the adjusted operational
schedule. The operational schedule is adjusted under the latency
and ramping constraints of secondary reserve which is the reason
for the low frequency content in this signal.
The ﬁgure shows the important result that the continuous
operational schedule adjustment method allows an energy limited
portfolio of ﬂexible consumption devices to utilize its strength of
being able to provide fast regulation without being driven away
from the energy midpoint.
To further investigate the method, we perform a number of 1-
week long simulations using real ENTSO-E frequency measure-
ments. The simulations show that the operational schedule
Fig. 8. The maximum power we are able to bid into the primary reserve depending on
the energy capacity Ecap when utilizing either the secondary or tertiary reserve to
restore the energy level.
Fig. 9. Comparison of the conventional case with no operational schedule adjustments
and the proposed method where the operational schedule is adjusted. Subplot 1:
system frequency deviation. Subplot 2: Portfolio power response. Subplot 3: Energy
level of the portfolio. The dashed red lines indicate the energy limitations. Subplot 4:
The adjusted operational schedule. (For interpretation of the references to colour in
this ﬁgure legend, the reader is referred to the web version of this article.)
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adjustments during the course of a week sum up to around 6 MWh
of both upward and downward regulation when providing a sym-
metric delivery of Pres1 ¼ 0:5 MW. The adjustments are made ac-
cording to the constraints of secondary reserve and consequently
the price of secondary reserve applies. The price is p2z 13V/MWh
in the Western Danish market which yields an expense around
150V for a week. By comparison, the income per symmetric MWof
primary reserve capacity is p1 z 30V/MW yielding a total income
in the order of 2,500V for the delivery of Pres1 ¼ 0:5 MW for one full
week. This illustrates that the fast regulation of the ﬂexible con-
sumption devices is very valuable compared to the small amounts
of secondary reserve that must be purchased to continuously
restore the energy level. In other words: the method allows the
ﬂexible consumers to deliver the expensive fast reserve while the
inexpensive slow responses are shifted to the slower reserve
providers.
By simulating over several weeks we further discover that when
the contracted delivery is Pres1 ¼ 0:5 MW, the highest consumption
of the portfolio is in the order of 1.3 MW while the smallest con-
sumption is in the order of 0.7 MW which is very conservative
compared to the limits Pmax ¼ 2 MW and Pmin ¼ 0 MW. The reason
is that we have dimensioned the bid Pres1 after the worst case sit-
uation as described in Sec. 8.1; however, these simulations indicate
that it might be possible to ﬁnd a way to be less conservative such
that bids close to the total capacity can be made, i.e. that we in this
example would be able to offer Pres1 ¼ 1 MW. This study is, how-
ever, outside the scope of this work.
8.3. Simulation example II: uncertain baseline
In this second example we illustrate how the proposed method
resolves the issue of uncertain baseline predictions. We consider
the real life case presented in Ref. [40] where the baseline con-
sumption of a portfolio of heat pumps is examined. The uncertainty
arises from the fact that the outdoor temperature, the solar irra-
diation, and the human behavior cannot be predicted accurately. In
Fig. 10 we show the real life power consumption of a heat pump
portfolio along with a prediction of the consumption made the day
before. The results are taken from Ref. [40] and scaled from a
portfolio of 40 heat pumps to a portfolio of 1,000 heat pumps
revealing an inaccuracy in the order of Pacc ¼ 0.2 MW for the entire
portfolio. The energy parameter is set to Ecap ¼ 8 MWh for the
portfolio (see Table 2).
We compare the two strategies: continuous baseline adjust-
ments versus no baseline adjustments for the course of one week.
The contracted reserve is Pres1 ¼ Pcap=2 ¼ 0:3 MW. To clearly show
the effect of uncertain baseline predictions, we assume that no
energy delivery is required during theweek; consequently, the heat
pump portfolio must simply assure that no power delivery is made,
which corresponds to tracking the submitted operational schedule.
The second subplot of Fig. 10 clearly shows that if the operational
schedule is not adjusted, the energy limitations will be violated due
to the inaccurate baseline predictions; however, by allowing the
operational schedule to be adjusted the energy level can be kept
close to the energy midpoint.
Again, we consider the economic aspects. Over the course of a
week, the amount of purchased upward and downward secondary
reserve is each in the order of 3 MWh yielding a total expense of
78V while the value of a symmetric primary reserve delivery of
0.3 MW is in the order of 1,500V. This clearly shows that the pre-
sented method is able to let the portfolio deliver the valuable fast
responses while the slower and cheaper responses are shifted to
the providers of secondary reserve.
9. Conclusion
In this paper we considered an aggregator that provided ancil-
lary services based on a portfolio of ﬂexible consumption devices.
We proposed a method where the aggregator was allowed to
continuously adjust its operational schedule and hereby restore the
energy level of the ﬂexible consumption devices. This made it
possible to utilize ﬂexible consumption devices with energy limi-
tations and with inaccurate baseline predictions to participate in
the ancillary service markets to a much larger extent than under
the current regulations.
The proposed method was illustrated through two numerical
examples, one example where an aggregator of ﬂexible consump-
tion devices was characterized with a very low energy capacity, and
another example where only an inaccurate consumption baseline
was available. In both examples, the proposed method was able to
radically increase the feasible reserve bids compared to a situation
where the aggregator was not allowed to adjust the operational
schedule.
Consequently, the method proposed in this work allows new
providers of fast ancillary services to be able to enter the electricity
markets and possibly replace the conventional fossil fuel based
ancillary service providers.
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